Evolution of sputtering target surface composition in reactive high power impulse magnetron sputtering. The interaction between pulsed plasmas and surfaces undergoing chemical changes complicates physics of reactive High Power Impulse Magnetron Sputtering (HiPIMS). In this study, we determine the dynamics of formation and removal of a compound on titanium surface from the evolution of discharge characteristics in argon atmosphere with nitrogen and oxygen. We show that the time response of a reactive process is dominated by surface processes. Thickness of the compound layer is several nm and its removal by sputtering requires ion fluence in the order of 10 16 cm -2 , much larger than the ion fluence in a single HiPIMS pulse. Formation of the nitride or oxide layer is significantly slower in HiPIMS than in dc sputtering under identical conditions. Further, we explain very high discharge currents in HiPIMS by the formation of truly stoichiometric compound during the discharge off-time. The compound has very high secondary electron emission coefficient and leads to a large increase in the discharge current upon target poisoning.
I. Introduction
High Power Impulse Magnetron Sputtering (HiPIMS) is a variant of magnetron sputtering which offers significant improvements over the standard technique. The discharge is operated in a pulsed manner at low duty cycle and low frequency to achieve a very high plasma density. Thanks to the high instantaneous peak powers, plasma densities about two orders of magnitude higher than in standard sputtering are achieved during the pulse on-time. 1 This leads to significantly enhanced ionization of the sputtered species with beneficial impact on the properties of the deposited coatings. 2, 3 A major advantage of the HiPIMS technique is its compatibility with standard magnetron sputtering equipment, only the power supply has to be replaced.
In reactive sputtering, a wide range of compound films may be prepared from metal targets with a reactive gas added to the argon working atmosphere. Chemical reactions between the sputtered metal and the reactive gas lead to the deposition of a compound. The ion assistance in reactive HiPIMS has been successfully employed for deposition of various compound thin films with improved properties. For instance to control the phase formation in TiAlN 4 or TiO 2 5 ; reducing the growth temperature of thermochromic VO 2 ; 6, 7 controlling the crystal orientation of α-Fe 2 O 3 ; 8 or increasing the value of refractive index of Ta 2 O 5 .
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HiPIMS may also make the reactive deposition process more stable by reducing the process hysteresis. The hysteresis is a significant technological issue caused by the formation of compound on the sputtering target surface. An abrupt transition between the so-called metal mode with a clean metallic target, and poisoned or compound mode with the sputtering target surface covered by a layer of compound, leads to a steep reduction of the deposition rate. 10 The transition is accompanied by a pronounced change in the plasma impedance and leads to instabilities. Although the beneficial impact of HiPIMS on the process hysteresis has been demonstrated in several cases, 9,11 the exact mechanism of the hysteresis reduction is still disputed.
In general, control of the growth conditions is essential for deposition of high quality materials. HiPIMS provides additional flexibility in the energy and ionization of the film forming species. Optimization of the growth for various materials, however, requires an understanding of the relation between external process parameters, such as the discharge power density or discharge a) Author to whom correspondence should be addressed. Electronic mail: Tomas.Kubart@angstrom.uu.se pressure, and the resulting energy and composition of the particle flux to the substrate. There is a clear need for a model of the reactive HiPIMS in order to reduce the trial-and-error in process development.
Several models have been presented to describe the plasma physics in nonreactive HiPIMS, which can predict the ionization as well as deposition rate as a function of operating conditions. [12] [13] [14] There is, however, no model available for reactive HiPIMS yet. Only Kozak and Vlcek 15 presented a parametric model for reactive HiPIMS extending the classical approach pioneered by Berg. 10 This is due to the complexity of the problem; in addition to the plasma region, such a model has to account for the plasma-surface interactions. In the presence of a reactive gas, the surfaces undergo chemical changes and a reliable description of the surface processes is challenging. Moreover, the dynamics of the surface processes has to be correctly reproduced because of the pulsed nature of HiPIMS discharges.
A good test for such a comprehensive model is the hysteresis behaviour. Despite its importance, the exact mechanism of hysteresis reduction in reactive HiPIMS is still disputed and several competing mechanisms have been discussed. For example, it has been proposed that fast cleaning of the target surface causes the observed increased deposition rate in reactive HiPIMS. 11, 16 Others reported formation of a very thick surface oxide layer on the order of hundreds of nm in reactive HiPIMS of Ti. 17, 18 The thickness of an oxide layer formed by ion implantation is proportional to the ion range which is only few nm at the energy determined by the discharge voltage. 19 Much thicker oxide layers would obviously have a pronounced impact on the sputtering process.
Surface composition also influences the composition of the deposition flux. Measured energies of reactive gas ions in HiPIMS discharges suggest that the ions originate from the target surface rather than from the gas phase. 20 It is therefore important to determine the partial sputtering yield of the reactive gas from the target surface to evaluate the contribution of sputtering to the total reactive gas ion flux.
In this work, the dynamics of compound formation and removal on the sputtering target surface in reactive HiPIMS is studied. The main goal of this study is to identify the dominating physical mechanisms and provide a description of the ion-surface interaction suitable for comprehensive plasma models of HiPIMS discharges. Because in-situ compositional measurements of sputtering targets are virtually impossible, discharge characteristics are used as an indicator of the surface composition. For the sake of an insightful analysis, comparison with the pulsed dc Magnetron Sputtering (pdcMS) study is also made.
II. Experimental Details
The evolution of the surface composition was determined from the discharge characteristics, namely the value of the peak current at a constant discharge voltage. This is possible because magnetron discharges are low-pressure cold cathode discharges maintained by secondary electrons emitted from the sputtering target. The plasma impedance is therefore very sensitive to the ioninduced secondary electron emission coefficient (SEEC). 21 Since the SEEC is determined by the surface composition as well as the energy and type of the impinging ion, the discharge current at a constant voltage provides a direct indication of the changes in the surface composition. 22 In reactive sputtering, this fact is demonstrated by a large change in the plasma impedance when the sputtering target surface is poisoned, i.e. covered by a layer of compound. In our experiments, this difference is utilized to distinguish between the metal and compound mode of the sputtering. Following the transition from metal to compound mode and back enabled us to determine the time, or ion fluence, required to form a layer of compound on the target surface or to remove it.
Dynamic response of a reactive sputtering process is determined not only by the sputtering target but also influenced by the reactive gas distribution in a vacuum system. Times in the order of seconds are required to achieve a stable reactive gas partial pressure after a change in the gas supply rate. 23 Upon target poisoning, long transition times are caused by the large gettering capacity of surfaces covered by unreacted metal. When reducing the supply of reactive gas, removal of the reactive gas from the system is the main factor. In order to exclude the effects, which are significantly slower than the period of pulsing in HiPIMS , the experiments were operated in a sequential manner providing sufficient time to reach a stable gas composition without any discharge.
The experimental procedure illustrated in Figure 1 is inspired by the approach of Depla et al. employed for dc reactive sputtering. 22 The target was first sputtered in pure argon corresponding to the metal mode operation, Figure 1a ). Then, reactive gas was introduced without discharge. When a stable operating pressure was reached, the initially metallic target surface was poisoned Figure 1b ). After reaching compound mode discharge as confirmed by stable discharge current Figure 1c ), reactive gas was removed from the chamber. Target cleaning took place during the last discharge period, Figure 1d ). The discharge was operated in constant voltage mode with a burst of 900 and 4 000 pulses in the HiPIMS and pulsed dc mode (pdcMS), respectively, and the whole burst was recorded to follow the transient behaviour. In order to identify suitable discharge voltage values for the experiments, discharge characteristics in a continuous constant power operation were determined first. 
A. Experimental system
Experiments were performed in Lesker CMS-18 ultra-high vacuum deposition system with a base pressure below 10 -5 Pa pumped by a cryopump (CTI CryoTorr 8). Geometry of the deposition system is shown in Figure 2 . The system was equipped with four magnetron sputtering sources tilted with an angle of 16° in co-sputtering configuration. Target-to-substrate distance was approximately 180 mm. Titanium (99.995%) target with a thickness and diameter of 6 and 100 mm, respectively, was used. All experiments were carried out with an Ar flow of 40 sccm and various flows of oxygen and nitrogen gas (99.9995%) at a constant total pressure of 0.53 Pa (4 mtorr) maintained by varying the pumping speed. The gases were introduced into the chamber by means of a gas distribution ring around the substrate holder. A second magnetron equipped with aluminium target was running at a low pulsed dc power during the experiments to improve the ignition of the HiPIMS discharge. The discharge voltage of this magnetron was also monitored and served as an indication of the reactive gas partial pressure. This aluminium target was operated behind a closed shutter.
Figure 2:
Schematic sketch of the experimental geometry. Two magnetron sources in a co-sputtering geometry were used and the process gases were introduced through a distribution ring around the substrate holder.
The sputtering power was supplied by a SIPP 1000 pulsing unit fed by an Advanced Energy Pinnacle dc generator. Both the target current and voltage were monitored using current and voltage transducers, and recorded in Agilent Infiniium (DSO9064A) digital oscilloscope, which was also used to calculate the instantaneous power delivered to the discharge. The pulsing unit was controlled by an arbitrary function generator (Tektronix AFG 3200) enabling both continuous and pulsed operation with an arbitrary pulse train.
In all the experiments, a pulse-on-time of 100 μs was used. used For HiPIMS, the period of pulsing was 2 ms, which corresponded to a duty cycle of 5%. The same on-time was used for dc-like experiments with the period of pulsing reduced to 200 μs (pdcMS). In this case, the duty cycle was 50% with correspondingly lower power density. The average power in both, HiPIMS and pdcMS mode was kept comparable.
B. Model of surface sputtering
Removal of the compound layer from the target surface was simulated by a binary collision approximation (BCA) to provide a further insight into the surface sputtering. The simulations of the sputtering were performed using code TRIDYN. 24 TRIDYN is a BCA code similar to the popular program SRIM. Unlike the static SRIM, TRIDYN takes into account changes in the surface composition caused by sputtering and can therefore describe the evolution of the surface composition. Details of the model are provided elsewhere, 25 and only a brief summary is provided here. In the simulations, a titanium target covered by 2 nm thick layer of TiN or TiO 2 was bombarded by a flux of argon atoms with the energy of 550 eV corresponding to the discharge voltage. Each simulation was run with a total ion fluence of 10 17 cm -2 simulating 10 6 particle histories and using a cut-off energy of 3 eV. The concentration of reactive gas in the target was limited to the stoichiometric limit (67 at.% for TiO 2 and 50 at.% for TiN) with the excess atoms diffusing towards the surface. 26 Recoils below the relocation threshold energy (19, 30 and 30 eV for Ti, N and O, respectively) were bound and the bulk binding energies were set to zero. Surface binding energy dependent on the actual surface composition was used for titanium with the value of 4.89 eV for metallic Ti and Ti in TiN, and 10 eV for Ti in TiO 2 . 25 A constant value of 5 and 10 eV was used for the surface binding energy of N and O.
III. Results

A. Discharge current and voltage waveforms in continuous sputtering
The discharge current and voltage waveforms for discharges continuously operated at a constant power of 700 W in pdcMS and HiPIMS are shown in Figure 3 and Figure 4 . In the case of pdcMS, the discharge voltage was 456 V in metal model (pure argon), and it increased to 553 V and 510 V in oxide (10 sccm of oxygen) and nitride mode (15 sccm of nitrogen), respectively. Our results are in good agreement with results published for reactive sputtering of titanium. 27 An increase in the discharge voltage is expected as a result of the decreased ion induced SEEC of oxidized and nitrided titanium.
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There is a striking difference in the discharge current behaviour in reactive HiPIMS when either oxygen or nitrogen was introduced, Figure 4 . The discharge current increased significantly with both gases. Further increase in the reactive gas flow did not yield any significant change indicating completely poisoned target, not shown. In addition, the shape of the discharge current was different and no saturation of the current was observed in contrast to the metal mode. Note the difference in the discharge current magnitude between HiPIMS and pdcMS operation that is related to the 10 times lower duty cycle in the HiPIMS experiments. Similar discharge behaviour in reactive HiPIMS has been reported for a range of materials such as titanium, 28, 29 ruthenium, 30 hafnium, 31 aluminium, 32 or tungsten. The continuous sputtering was used to determine discharge voltages and reactive gas flows suitable for the sequential experiments. The values used in the following sections, where the discharges were operated at a constant voltage, are summarized in Table 1 . 
B. Target cleaning and poisoning in HiPIMS
The peak current at a constant voltage is used as an indicator of the target surface composition. Sequential HiPIMS experiments were carried out following the routine from Figure 1 . Results with oxygen and nitrogen are shown in Figure 5 and Figure 6 , respectively. There is a pronounced difference in the peak current between metal and compound mode and the time required for removal of the surface compound can be estimated from the peak current evolution during cleaning. 34 The cleaning times are compared to simulations of the surface composition in section D. The compound formation time is determined in the same way from the poisoning curves.
For oxygen, very fast target poisoning was observed, Figure 5b ). This is in contrast to the poisoning in nitrogen, Figure 6b) , where a single burst was not enough to reach the nitride mode. More than 4 s of sputtering was necessary to cover the surface with nitride. After the poisoning, a steady state was achieved as confirmed by the stable peak current, Figure 5c ) and Figure 6c) . Interestingly, very high initial discharge current occurred in the oxygen experiments, Figure 5 b)-d) . This was the case even when cleaning the oxidised target in pure argon, Figure 5 d), and sputtering a clean metal target during oxidation, Figure 5 b ). High discharge current at the onset of cleaning was also observed for the nitride covered target, Figure 6d ). Poisoned targets were sputter-cleaned in a pure argon atmosphere. The discharge current evolution during cleaning experiments is shown in more detail in Figure 7 where the discharge current during cleaning and in the metal mode is compared. Cleaning times determined from the exponential decay of the discharge current were 685 and 430 ms for the oxide and the nitride, respectively. Assuming a triangular shape of the current waveform and taking an average peak current during cleaning, the ion fluence required for compound removal in HiPIMS may be determined as
where t on is the on-time, N number of pulses required for cleaning, q e electron charge and A t the target area, 78 cm . Here, a uniform distribution of the ion current over the whole target surface is assumed.
C. Target cleaning and poisoning in pdcMS
HiPIMS results are compared to pdcMS in order to identify behaviour characteristic for the HiPIMS process. The poisoning-cleaning experiments for pdcMS conditions were performed by reducing the period of pulsing to 200 µs and adjusting the discharge voltage. The discharge voltage was set to 520 and 450 V for experiments with oxygen and nitrogen, all other conditions were kept the same as in HiPIMS. The results are shown in Figure 8 . In pdcMS case, higher discharge current was observed in the metal mode in agreement with the waveforms from Figure 3 . Target poisoning, not shown, was very fast in both nitrogen and oxygen. Most interesting is the fast formation of nitride where, in stark contrast to the HiPIMS, no significant delay occurred. Simulated partial sputtering yields of titanium and reactive gas are shown in Figure 9 for both compounds. There is a good qualitative agreement with the pdcMS results. The initial value of the reactive gas partial sputtering yield from both compounds is comparable which is surprising at first, given the much lower erosion rate of TiO 2 as compared to TiN. Ranjan et al. determined the sputtering yield of titanium by Ar bombardment at 500 eV to 0.69 from Ti and 0.42 from TiN. 35 Much lower titanium sputtering yield is typically observed for TiO 2 , about 10 times lower than the yield from a clean surface. 25 The simulated yields for titanium are in good agreement with these values and the partial yield of titanium from TiO 2 is only about 0.05. Still, partial sputtering yield of 0.3 and 0.35 is predicted for oxygen and nitrogen, respectively. Initially, the sputtering yields are stable. This corresponds to the sputter erosion of the compound layer. Reactive gas is sputtered off the surface or recoil implanted deeper into the target. Then, the sputtering yield of reactive gas is steadily decreasing as its concentration is being reduced. The total ion dose for sputter removal of the 2 nm thick compound layer, defined here as completed when the partial sputtering yield of titanium has reached 0.5 atoms/ion, was 8.5•10 16 cm -2 for oxide and 2.7•10 16 cm -2 for nitride. Although there is a fraction of the reactive gas still left in the target, its partial sputtering yield is low. The simulations also reproduce the faster removal of nitride which is caused by higher sputtering yield and lower nitrogen concentration in the stoichiometric compound. 
IV. Discussion
Here, we discuss three aspects of the HiPIMS process: i) high initial discharge currents in experiments with oxygen, ii) cleaning times required to remove the compound from poisoned surfaces, and iii) slow target poisoning, and show the effect of surface composition on the discharage characteristics.
Characteristics of magnetron discharges are governed by the SEEC of the target surface. In general, higher SEEC is expected for oxides than metals, i.e. the discharge voltage typically decreases upon target oxidation. The increase in the SEEC is caused by kinetic emission which is significant for oxides already at low ion energies in the range of hundreds of eV. 36 Depla et al. analysed the effect of surface oxidation on SEEC and proposed a mechanism explaining the peculiar behaviour of titanium: Since TiO 2 is very sensitive to preferential sputtering, a wide range of oxides with lower stoichiometry is formed under ion bombardment on the surface. The suboxides reduce the effective SEEC due to the reduction of escape probability of electrons. 22 This results in a reduced SEEC of the oxidised target and lower discharge current in pdcMS discharges in agreement with the data in Figure 3 .
We propose that the high initial current observed in the HiPIMS experiments with oxygen, Figure 5 b-d), may be explained by the different stoichiometry of the surfaces. Due to the pulsed nature of the HiPIMS process, there is no ion bombardment of the target between the discharge pulses and no sputtering occurs. A thin layer of stoichiometric TiO 2 , therefore, forms by chemisorption due to the high sticking coefficient of thermal oxygen on titanium between the pulses. 37 Such a thin oxide appears already during the dwell prior to the target poisoning as demonstrated by the high initial current, Figure 5 b ). Since the oxide is formed only by chemisorption, it is quickly removed at the beginning of poisoning both by sputtering and knock-on implantation 19 , as evidenced by the dip in the discharge current after about 50 ms, Figure 5b ). The surface stoichiometry has dominating effect on the discharge characteristics. Even in the absence of oxygen, the initial discharge current is very high during cleaning of an oxidized surface, Figure 5 d ). The peak current in argon is actually even higher that in the Ar+O 2 mixture possibly due to the higher ionization energy of argon (15.76 eV) than that of oxygen (13.62 eV).
The discharge characteristics in HiPIMS are influenced by a number of parameters and at this point, it is impossible to to model the behaviour. There is, however, a clear connection between the surface composition and the peak current. Our conclusions are supported by recent results from ion beam experiments reported by Corbella et al. 38 In their experiments, the authors studied argon ion induced SEEC from titanium oxide surface and showed that the values of SEEC are higher than for a pure titanium surface, in contrast to the results from dc magnetron sputtering. This may be a result of lower ion current density in their experiments and thus a shift towards higer stoichiometry. In the case of HiPIMS, therefore, even higher SEEC may occur.
Assuming a relation between the peak current and surface composition, the peak current during cleaning expriments, Figure 7 , would indicate a continuous removal of the surface compound. In order to validate this assumption, the cleaning behaviour is compared to the results from a the simulation discussed in III.D. The ion fluence in cleaning experiments was determined from the number of pulses and the average discharge current according to (1) . The results summarized in Table 2 show that the ion fluence required for surface cleaning was rather high, corresponding to several hundreds of HiPIMS pulses. The results are in good agreement with the simulations considering that a constant value of 2 nm was used for the compound thickness in all cases. Varying the compound thickess may improve the agreement, given the simplifications used in the model, however, the accuracy of such an approach is only limited. Although the ion fluence for cleaning was higher in HiPIMS than in pdcMS, our experiments did not show any indication of extremely thick oxide layers reported earlier. 17, 18 It should be noted, however, that because of the sequential operation of the discharge, target heating was negligible and no thermal diffusion of oxygen occurred. Higher values in HiPIMS may be caused by thicker compound layers because of higher ion energy and thus deeper reactive gas ion implantation. Moreover, the simulations did not take into account the possibility of back-attraction of ionised species which may be substantial in HiPIMS. 39 In summary, our results show that once the surface is covered with a compound, there is a very small change in the surface stoichiometry during a single pulse. This is further evidenced in Figure 10 , where the surface oxygen concentration is shown as function of ion fluence and number of pulses. The surface concentration stays very high because the surface is replenished by the implanted oxygen. The continuous decrease in the peak current is in a good agreement with the simulated concentration of oxygen in the surface layer.
Slower target poisoning in HiPIMS than in dcMS is counterintuitive. Due to the high plasma density, higher degree of dissociation of the reactive gas and hence more reactive atmosphere is expected in HiPIMS than in dcMS. 40 Moreover, the deposition rate in HiPIMS is generally lower for the same discharge power, therefore less reactive gas is incorporated into the deposited film and the partial pressure of the reactive gas is higher in HiPIMS at the same discharge power and reactive gas supply. 41 Faster formation of a compound would there be expected for the HiPIMS process. In spite of that, target poisoning was much faster in all pdcMS experiments. This may be a result of reduced effective reactive gas flux to the surface due to gas rarefaction 42 or preferential sputtering of the reactive gas due to the higher energy of impinging ions in HiPIMS. 43 The exact mechanism cannot be deduced from present experiments and requires further investigations.
Higher compound formation rate in oxygen as compared to nitrogen can be explained by the higher oxygen affinity to titanium compared to nitrogen. The enthalpy of formation of TiO 2 and TiN is -944 and -388 kJ/mol 44 and the sticking coefficient of nitrogen on titanium is lower than that of oxygen. While the oxygen sticking coefficient is close to unity, Mao et al. reported values as low as 0.1 even for atomic nitrogen on titanium. 45 Both facts results in the slower nitride formation.
V. Conclusions
Our experiments show that the dynamics in reactive HiPIMS is dominated by surface processes. The compound formation on a sputtering target surface and its removal by sputtering require much longer time, or ion fluence, than a single typical HiPIMS pulse can provide. The compound formation rate is significantly inhibited in HiPIMS as compared to the dc mode of operation. Thickness of the oxide layer is in nm range and no indications of very thick surface layers were observed in HiPIMS.
High discharge current in the compound mode of reactive HiPIMS is explained by the formation of a stoichiometric oxide on the sputtering target. It is argued that a truly stoichiometric oxide is formed in HiPIMS due to the absence of sputtering between discharge pulses. It is further proposed that the SEEC of this oxide is very high and close to the values expected for stoichiometric oxides although the exact mechanism remains to be studied further.
